We describe voltage-switching mode scanning electrochemical microscopy (VSM-SECM), in which a single SECM tip electrode was used to acquire high-quality topographical and electrochemical images of living cells simultaneously. This was achieved by switching the applied voltage so as to change the faradaic current from a hindered diffusion feedback signal (for distance control and topographical imaging) to the electrochemical flux measurement of interest. This imaging method is robust, and a single nanoscale SECM electrode, which is simple to produce, is used for both topography and activity measurements. In order to minimize the delay at voltage switching, we used pyrolytic carbon nanoelectrodes with 6.5-100 nm radii that rapidly reached a steady-state current, typically in less than 20 ms for the largest electrodes and faster for smaller electrodes. In addition, these carbon nanoelectrodes are suitable for convoluted cell topography imaging because the RG value (ratio of overall probe diameter to active electrode diameter) is typically in the range of 1.5-3.0. We first evaluated the resolution of constant-current mode topography imaging using carbon nanoelectrodes. Next, we performed VSM-SECM measurements to visualize membrane proteins on A431 cells and to detect neurotransmitters from a PC12 cells. We also combined VSM-SECM with surface confocal microscopy to allow simultaneous fluorescence and topographical imaging. VSM-SECM opens up new opportunities in nanoscale chemical mapping at interfaces, and should find wide application in the physical and biological sciences.
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high-resolution imaging | living cell imaging | noninvasive | constant-distance mode S canning electrochemical microscopy (SECM) uses an electrode tip for detecting electroactive chemical species and is an effective tool for the investigation of the localized chemical properties of sample surfaces and interfaces (1) . Because SECM has high temporal resolution and can be used under physiological conditions, it is particularly well suited for quantitative measurements of (short-lived) chemicals like neurotransmitters, nitric oxide, reactive oxygen species, and oxygen, which are released/ consumed by living cells. In conventional SECM, the probe is often micrometer scale and the probe vertical position is kept at a constant height, a plane, during probe scanning. If the sample topography is not flat, the electrode-sample separation changes during scanning, complicating the SECM measurement and its analysis.
Various methods for SECM electrode miniaturization and control of the electrode-sample separation have been advocated in order to improve the resolution of SECM imaging. The reliable fabrication of nanoelectrodes with a small ratio of electrodeinsulation to active electrode (RG) is of particular importance to improve SECM spatial resolution (2). In particular, a variety of different approaches have been adopted to create small electrodes with thin insulating coats such as photolithography (3), chemical vapor deposition (4), electrodeposited paint methods (5, 6) , laser pulling techniques (7) (8) (9) (10) (11) , and pyrolytic carbon deposition (12) (13) (14) (15) . Photolithography and chemical vapor deposition can be used to make thin insulation layers, but pinholes are often a problem. The laser pulling technique is effective and reproducible, but this method requires special polishing techniques or focused ion beam milling to expose the metal region. On the other hand, pyrolytic carbon deposition inside glass pipettes enables fabrication of nano-sized electrodes with insulation of excellent integrity. This type of electrode has proven powerful for living cell measurements (14, 15) , and we thus use it for the studies herein.
Control of the electrode-sample distance is also critical for electrochemical measurements free from topographical artifacts but has proved difficult to achieve to date. AFM (4, 5, 16) , shear force (3, (17) (18) (19) , impedance (14, (20) (21) (22) , faradaic current (7, 14, 23) , ion current (6, 15, 24) , and electrochemical (25-27) feedback distance-control systems have been developed, but many of these required additional probe modifications for distance control. Impedance-feedback and constant-current distance control are effective methods to obtain high-resolution topography images because they do not require additional modification of the electrode for distance control. However, the impedance-feedback mode has resolution limitations due to the principle of the measurement (14) . The constant-current mode has been shown to be capable of high-resolution imaging, but only for topography hitherto (7, 23) .
Here, we report a voltage-switching mode (VSM)-SECM, developed to achieve constant-distance mode measurements and the possibility of (electro)chemical flux measurements at the same location. Full details of the protocol for VSM-SECM and the probe fabrication method are given in the experimental section. In brief, the imaging protocol involved first translating the tip electrode toward the surface while detecting the distancedependent current for the hindered diffusion of a redox-active solute to the tip [reduction of either RuðNH 3 Þ 6 3þ or oxygen for the studies herein], with the probe potential biased to carry out the cathodic process. When the current diminished compared to bulk solution by a set amount, this indicated that the probe was at a desired distance from the surface or structure of interest (typically one electrode radius away). The motion of the probe was arrested and the z-position of the piezoelectric position was registered. By carrying out this process at a number of points over the surface, the topography was mapped out. Additionally, for concomitant flux measurements, when the electrode reached the desired position from the surface, at each tip approach, the applied voltage could be switched positive to permit electrochemical (flux) imaging of the sample surface.
Pyrolytic carbon nanoelectrodes (generally 6.5-100 nm radius, but occasionally larger, vide infra) were used to obtain high-resolution topographical and electrochemical images. The nanoelectrode reaches a steady-state current very quickly when switching the voltage applied to the nanoelectrode, because the time scale for both double-layer charging and the establishment of steadystate diffusion scale with the electrode dimension (28, 29) . Another advantage of this measurement, as we highlight herein, is that it does not require additional modification of a simple tip electrode to achieve distance control. More generally, a key advantage of this approach, compared to fluorescence-based methods for functional imaging, is that chemical fluxes and concentrations of target species can be determined at a local electrode on a fast time scale, without the need for fluorescence labels, which tends to limit the range of detectable species and may also interfere with the living system.
To demonstrate the efficacy of VSM-SECM, we performed imaging of membrane proteins on A431 cells and the detection of neurotransmitters from neurons. Furthermore, we combined constant-current SECM in hopping mode and confocal microscopy for simultaneous topographical and fluorescence measurements. This combined approach served to illustrate the additional information that could be obtained on the biological structures, compared to conventional fluorescence-based methods.
Results
Characterization of the Carbon Electrodes. The topographical resolution in the SECM constant-current mode depends on the size and aspect ratio of the electrode. In this report, we used carbon nanoelectrodes produced by the pyrolytic decomposition of butane gas. The details of the fabrication method are described in the experimental section. Fig. 1A shows field emission-scanning electron microscope (FE-SEM) images of a carbon nanoelectrode produced for these studies. The nanoelectrode is quite sharp (cone angle of the tip is 10), and the radii of the carbon and outer glass were 22 nm and 65 nm, respectively. However, the deposited carbon region is difficult to recognize even when using FE-SEM, and we therefore routinely characterized electrodes using approach curve recordings (Fig. 1B) . Probes radii were estimated from steady-state currents in bulk solution, i d assuming disk type electrodes with an RG (glass radius to electrode radius) value of 1.5,
where n is the number of electrons transferred in the tip reaction, F is the faraday constant, D ¼ 6.5 × 10 −6 cm 2 s −1 is the diffusion coefficient of FcCH 2 OH, of concentration C Ã in solution. These calculated tip radii (150 nm and 6.4 nm for the data shown in Fig. 1B ) were used to produce theoretical approach curves for the same tip geometric parameters. The current profiles were fitted to established theoretical curves for a simple disk geometry (30) (31) (32) . Good correlation was observed between theory and experiment. Therefore, the pyrolytic carbon nanoelectrode is effectively planar and can be used for high-resolution electrochemical microscopy imaging and quantitative analysis of electrochemical species.
Constant-Current Mode Topographical Imaging. Hydrophilic redox mediators are useful for living cell topography imaging because they cannot cross the cell membrane, and so the diffusion-limited faradaic current for such a species in the bulk solution decreases with the SECM tip electrode to (cell membrane) surface in a defined manner (2). This is well illustrated, for example, by the studies of Baur and coworkers who imaged cell topography by both constant-height mode and constant-distance mode SECM using hydrophilic mediators (14, 33) . A variety of electrochemical mediators were assessed for toxicity to living cell and RuðNH 3 Þ 6 3þ was selected as a suitable mediator. Constant-current mode SECM is a particularly interesting means of noncontact topography imaging because the working distance of the tip that records the feedback signal is large compared with an imaging technique such as AFM. This ensures ready access of nutrients, metabolites, and waste products to and from the cell. On the other hand, structures with steep slope regions, small protrusions, or wave structures can be considered potentially challenging to image with constant-current (hindered diffusion) feedback SECM (2), because the spatial resolution is convoluted to some extent by the overall probe size. A small RG electrode with a small active radius electrode is needed to achieve the best spatial resolution. As highlighted above, it was for these reasons that we fabricated carbon nanoelectrodes with small RG to meet the requirements for high-resolution imaging. The topographical measurements were typically performed in phosphate buffered saline (PBS) containing 10 mM RuðNH 3 Þ 6 Cl 3 . To illustrate the applicability of constant-current mode topography imaging with our probes, we imaged boar spermatozoon, differentiated rat adrenal pheochromocytoma cells (PC12), A431 cells, cardiac myocytes, and auditory hair cells. Fig. 2 shows a typical set of topography images. For the boar spermatozoon and PC12 cells, the boundary area between the cell and the substrate surface is such that there is a steep slope in the topography, which would difficult to image faithfully with conventional scanning probe microscope methods. Evidently, the hopping-mode scanning algorithm (defined briefly above; also see Materials and Methods) is able to visualize the structures clearly. Indeed, the topographical features of boar spermatozoon and PC12 revealed by SECM are very similar to those previously obtained with SICM (15, 34) , which is regarded highly as an ultrahigh-resolution in situ imaging technique. Further evidence for the powerful nature of the SECM technique comes from the fact that the neurite and varicosity, which administrate neuron transduction and axon formation, of PC12 cells were visualized much more clearly compared with a previous SECM report using more conventional imaging protocols (14) .
In A431 cells and cardiac myocyte topography imaging, very sharp (small RG) electrodes were required to visualize the small protrusions or wave structures. By using carbon nanoelectrode with RG 3.0 (a ¼ 12 nm), both the microvilli (0.6-0.8 μm in width and 0.8-1.0 μm in height) and sarcolemma structure (1.5-2.0 μm in width and 200-300 nm in height) were visualized clearly. Despite many studies of cells with SECM (9, 35), these SECM images reveal clearly the microstructure on living cell surfaces, representing a significant advance for SECM topography imaging. Topography measurements with scanned probe microscopy are most challenging for auditory hair cells because of features with high aspect ratio (36) . With the method herein, we were able to visualize individual 250 nm in height stereocilia structure. All the images clearly show cell features without artifacts. These results thus indicate that very high-quality images of cellular topography can be obtained using (hindered diffusion) constantcurrent hopping-mode SECM in conjunction with carbon nanoelectrodes.
Simultaneous Electrochemical and Topographical Imaging in VoltageSwitching Mode. We further improved the system to conduct highresolution electrochemistry and topography imaging of living cells with a single electrode probe. To achieve this, a voltageswitching protocol was adopted. Highly reliable distance control was achieved using the constant-current hopping mode with RuðNH 3 Þ 6 3þ reduction to give topographic images, as described above, while electrochemical measurements at the same tip electrode were recorded in a different potential region, with the tip at a defined (known) distance from the surface of interest. SECM experiments have been reported previously using one mediator to record topography and one to obtain tissue permeability (activity) (37) , but the studies herein are a great advance because the imaging is simultaneous, has topographical feedback, and is nanoscale.
We applied VSM-SECM to image epidermal growth factor receptor (EGFR), which is one of the key membrane proteins associated with cancer, on cell surfaces (38) . Epidermal growth factor (EGF) binds to the EGFR, and the activated EGFR initiates the signaling cascades, thereby promoting cell proliferation, differentiation, apoptosis, and migration. The evaluation of EGFR expression levels on cell surfaces is thus important but extremely difficult to achieve. In previous work, we evaluated EGFR expression level using SECM (39, 40) , but it was impossible to identify a cell with high EGFR expression from others when the cells were in a confluent stage. The limitation arose because images had to be taken with a relatively large electrode in conventional constant-height mode. In the present study, we used a 650-nm radius carbon electrode for VSM-SECM in Hepes buffer containing 4.7 mM p-aminophenyl phosphate (PAPP). EGFR was labeled with alkaline phosphatase (ALP)-tagged antibody. The ALP-catalyzed reaction produces p-aminophenol (PAP), which can be detected by oxidation, giving an electrochemical signal, which indicates the presence of EGFR on the cell surface. Fig. 3A illustrates the timing of the VSM measurement. The electrode was set at −0.5 V vs. Ag/AgCl to detect the diffusion-limited reduction current of RuðNH 3 Þ 6 3þ for distance control. When the electrode approached the set point the applied voltage was switched to þ0.35 V vs. Ag/AgCl quasi-reference electrode to achieve oxidation of PAPP. In this measurement, an electrode with a 650-nm radius was used and the ALP activity was monitored at 800 nm electrode-sample distance. Fig. 3B shows the topography and electrochemical images of A431 cells. The VSM yields highly resolved topographical structures and electrochemical features. From the images, it is evident that EGFR is not evenly distributed on the cell surfaces; also EGFR distribution is not directly correlated with the microvilli and lamellipodium, which are clearly seen in the topography image. This result demonstrates that the VSM-SECM is potentially promising for nanoscale chemical mapping at biological interfaces.
Neurotransmitter Detection Using Faradaic Current Feedback. Next, we combined the sample height information obtained by constant-current mode SECM combined with fluorescence microscopy so that we could perform measurements at the specific fluorophore-labeled structures on a cell, in this case at the synapse of neuron. Previously, a hybrid SICM-confocal system was developed based on a similar concept (41, 42) , and we used a similar system in which the SECM scanner was integrated on an inverted confocal microscope. For the fluorescence measurement, the hippocampal neurons were stained with FM 1-43, which labeled synaptic vesicles (36) . The measurement was performed in buffer solution with 10 mM RuðNH 3 Þ 6 Cl 3 added. Simultaneously acquired images of the topography of hippocampus neurons from SECM and the fluorescence signal of stained synaptic vesicles are shown in Fig. 4A . Fluorescence signals are observed on the varicosity, and the corresponding SECM topographical image clearly shows that these represent synaptic boutons, the swollen end of an axon that contributes to a synapse, with heights of 4-6 μm.
Next, we measured neurotransmitter release from single PC12 cells. The measurements were performed in Hepes-based saline solution (10 mM Hepes, 150 mM NaCl, 4.2 mM KCl, and 11.2 mM glucose; pH 7.4). In this experiment, we used relatively large electrodes (a ¼ 6.0 μm) to detect neurotransmitter effectively, based on the rationale outlined in earlier work for both NO and neurotransmitter detection (43) (44) (45) (46) (47) (48) . The carbon electrode was simply aligned optically over the cell and positioned one radius above the cell surface using the reduction current at a potential of −1.0 V, due to oxygen reduction, which was found to provide reliable distance control. The set point was 75% of I ss . After electrode-cell distance control, the voltage applied to the carbon electrode was switched to þ0.65 V vs. reference Ag/AgCl electrode in order to detect neurotransmitters as a function of time via the current response. Note that in this case we made a measurement in this one position over a long time period. To stimulate neurotransmitter release, we depolarized a PC12 cell by stimulation of the whole cell with 105 mM K þ by using another micropipette (3 μm diameter). To enhance the sensitivity of the electrochemical detection, we fabricated a conically shaped carbon electrode by depositing additional carbon on the outside of the pipette as previously described (15) . The steady-state current measured in 1.0 mM FcCH 2 OH and PBS was 2.0 nA, corresponding to an effective electrode radius of 6.0 μm. Fig. 4B shows a series of current spikes corresponding to the release of the neurotransmitter, which was detected by the pyrolytic carbon electrode. The insets of Fig. 4B show expanded views of the released neurotransmitter, where the amplitudes and the widths of the spike are clearly visible. It was shown previously that the amplitude and shape of the signal depends on the separation between the electrode and release site (49) . Because the distance between the probe and the neuron is known with our positioning protocol, we envisage that much more information could be obtained by adopting this type of tip positioning for such measurements, making them amenable to quantitative treatment. Given the considerable interest in using small-scale carbon electrode to detect events at single neurons, these data highlight considerable future possibilities of these types of probes.
Conclusions
We have demonstrated VSM-SECM as a powerful technique for simultaneous topography and electrochemical flux measurements to detect EGFR on A431 cells surface and neurotransmitter release from a PC12 cell. Furthermore, we have shown that VSM-SECM has the potential to be combined with fluorescence imaging to make measurements at defined region of the cell. The method is reliable and does not require special modification of the electrode for distance control. Moreover, because the topography and activity are determined with a single probe, simultaneously obtained images are colocated.
The very sharp and small RG carbon nanoelectrodes used in this work are easily made and are effective for high-resolution images of hippocampus neurons using constant-current mode SECM combined with confocal microscopy. The carbon electrode was held at −500 mV vs. Ag/AgCl in PBS containing 10 mM RuðNH 3 Þ 6 Cl 3 . The electrode radius is 32.6 nm. (B) Detection of the release of the neurotransmitter using a conical-shaped carbon nanoelectrode (described in the text). A series of current spikes corresponding to neurotransmitter release detected after whole cell stimulation of 105 mM K þ using another micropipette. The carbon electrode was held at 650 mV vs. Ag/AgCl electrode. The electrode radius is 6.0 μm. topography imaging using constant-current (hindered diffusion) hopping-mode SECM for distance control. The potential of these electrodes is then readily switched to allow surface flux measurements at the same spot. Among the many other possibilities in the physical and life sciences, this nanoprobe would allow the mapping of sites of neurotransmitter release, together with the possibility of detecting associated changes in the cell topography that occur during exocytosis. It is important to point out that the size of the nanoelectrode probe can be tuned for a particular application, and that it can also be made smaller than the SECM-SICM probe which we reported recently (15) , so enhancing the spatial resolution. In the future, it would also be interesting to investigate long time or localized intracellular measurement using this electrode.
Materials and Methods
Materials. Ferrocenylmethanol (FcCH 2 OH; Sigma-Aldrich), hexaammineruthenium (III) chloride [RuðNH 3 Þ 6 Cl 3 ; Sigma-Aldrich], Hank's buffered salt solution (HBSS; Invitrogen), 1-μm diameter fluorescent microbeads (SigmaAldrich), p-aminophenylphosphate monosodium salt (PAPP; LKT Laboratory Inc.) were purchased and used as received. PBS was prepared from 7.2 mM Na 2 HPO 4 12H 2 O, 2.8 mM KH 2 PO 4 , and 150 mM NaCl (pH 7.4).
Electrodes. The preparation of the pyrolytic carbon nanoelectrodes was similar to the procedures described recently (15) . In brief, a quartz glass capillary , which was filled with nitrogen gas to prevent oxidation of the carbon structure formed and bending of the capillary by high temperature. This approach also protected the pipette aperture from closing through softening of the quartz pipette walls. To form a pyrolytic carbon layer inside the capillary, the pipette taper was then heated with a Bunsen burner for times ranging from 3 s. We noticed that the inner butane pressure during the carbon nanoelectrode fabrication process is a very important parameter for the successful filling of the pipet with an integral pyrolytic carbon plug. We kept the pressure at about 280 kPa.
SECM System. The SECM instrument was similar to that previously described and operated in hopping mode (36) . The faradaic current was measured with a dual channel MultiClamp700B patch-clamp amplifier (Axon Instruments). The electrochemical signal was filtered using low-pass filter at 200 Hz. The data were digitized and analyzed with continuous data acquisition hardware and software (Axon Digidata 1322A, Axon Instruments). The set point was typically in the range 75-90% of the reference current, I REF , which was the steady-state current measured in bulk solution. The corresponding tip/substrate distance could then be estimated by reference to theoretical approach curves for the characteristic electrode (30) (31) (32) . The probe position was controlled by a XY and Z piezoelectric translation stage (Physik Instrumente, 621.2CL and 621.ZCL), using an amplifier module (Physik Instrumente, E-503.00). The system was controlled by a program written in Delphi (Borland) and Code Composer Studio (Texas Instruments) for a ScanIC controller (Ionscope).
Voltage-Switching Mode. The vertical Z positioning of the carbon nanoelectrode and the movement of the sample in the XY plane were controlled by a SICM controller (Ionscope) using an SBC6711 DSP board (Innovative Integration) at a sampling frequency of 10 kHz. A five-step procedure was used to bring the electrode to sample surface and perform the electrochemical measurement at each imaging point. First, the carbon nanoelectrode was withdrawn from its existing position either by a specified distance, typically 5.0 μm. Second, the vertical position of the probe was maintained for 15 ms, while the nanopositioning stage moved the specimen to a new imaging point in the XY plane. During this time, a reference current I REF was measured as an average of the DC current through the carbon nanoelectrode. Third, the carbon nanoelectrode was lowered at constant fall rate of 30 nm∕ms while monitoring the difference in current, I, between I REF and the instantaneous value of current through the carbon nanoelectrode I MV . As soon as I fell below the specified value of the set point, I S , motion of the electrode stopped and the vertical position of the carbon nanoelectrode was saved into the corresponding image pixel. Then, fourth, the applied voltage of the carbon nanoelectrode was switched from negative (hindered diffusion detection) to positive for the surface flux measurement. After a wait period, typically of 20 ms to allow a steady-state current to be achieved, the electrochemical signal associated with the desired sample surface property was measured over a period of 1 ms. After the electrochemical measurement, the fifth step was for the carbon nanoelectrode to be quickly withdrawn by a specified amplitude and the potential switched from positive to negative to acquire the steady-state current for I REF , after waiting 20 ms for a steady-state to be established, and to start a new measurement cycle. I S values ranged from 75-90% of the reference current, I REF . The lateral XY positioning was controlled by conventional line scanning and adaptive scanning. The latter was described in previous work (36) . EGFR Imaging. EGFR was labeled with an ALP-labeled antibody for electrochemical detection. In the case of EGFR labeling with an ALP-labeled antibody, the cells were reacted with RPMI-1640 containing an anti-EGFR antibody (1 μg∕mL) for 90 min at 37°C, followed by thorough washing with RPMI-1640. The cells were then reacted with RPMI-1640 containing an ALP-labeled secondary antibody (ALP-labeled IgG) (1 μg∕mL) for 90 min at 37°C, followed by thorough washing with RPMI-1640.
The measurements were performed in a Hepes-based saline solution (10 mM Hepes, 150 mM NaCl, 4.2 mM KCl, and 11.2 mM glucose; pH 9.5) containing 4.7 mM PAPP for detecting the ALP-labeled EGFR. ALP catalyzes the hydrolysis of PAPP to yield p-aminophenol (PAP) as an enzymatic product, which was detected electrochemically using the microelectrode probe of SECM set at þ0.30 V vs. Ag/AgCl.
Cell Culture and Isolation. Cells were maintained at 37°C in an atmosphere of humidified air with 95% O 2 ∕5% CO 2 . PC12 cells were kept in a growth medium consisting of an RPMI-1640 (GIBCO) supplemented with 10% heat-inactivated horse serum (GIBCO), 5% fetal calf serum (GIBCO), 100 μg∕mL streptomycin and 100 U∕mL penicillin (GIBCO). The nerve growth factor (50 ng∕mL, 2.5 S; GIBCO) was added to the medium for differentiation to the neuronal PC12. A431 cells were kept in a growth medium consisting of an RPMI-1640 (GIBCO) supplemented with 10% fetal calf serum (GIBCO), 100 μg∕mL streptomycin and 100 U∕mL penicillin (GIBCO). Boar spermatozoon were purchased from JSR Genetics Ltd. Auditory hair cells were kindly provided by Gregory I. Frolenkov (University of Kentucky, Lexington, KY). Cardiac myocytes from adult rats were isolated by digestion of intact perfused ventricle as previously described (50) . Rat hippocampal neurons were prepared as previously described (36) and cultured on glass coverslips to allow confocal microscopy. For combined topography/fluorescent measurements, hippocampal neurons were first incubated for 90 s at room temperature in 1.5 mL of loading solution to stain synaptic boutons with FM1-43, an activity-dependent marker that is accumulated in synaptic vesicles during cycles of endo-and exocytosis, and then washed three times with a total volume of at least 10 ml of standard external solution and left for 15 min in the dark before imaging.
